Background: We compared the efficacy between trifocal and bifocal diffractive intraocular lens (IOL) implantation. Methods: Through PubMed, MEDLINE, EMBASE, and CENTRAL, we searched potentially relevant articles published from 1990 to 2018. Defocus curves, visual acuities (VAs) were measured as primary outcomes. Spectacle dependence, postoperative refraction, contrast sensitivity (CS), glare, and higher-order aberrations (HOAs) were measured as secondary outcomes. Effects were pooled using random-effects method. Results: We included 11 clinical trials, with a total of 787 eyes (395 subjects). The trifocal IOL group showed better binocular distance VA corrected with defocus levels of −0.5, −1.0, −1.5, and −2.5 diopter than the bifocal IOL group (All P ≤ 0.004). The trifocal IOL group showed better monocular uncorrected distance and intermediate VAs (mean difference [MD], −0.04 logarithm of the minimum angle of resolution [logMAR]; 95% confidence interval [CI], −0.07, −0.01; P = 0.006 and MD, −0.07 logMAR; 95% CI, −0.13, −0.01; P = 0.03, respectively). Postoperative refraction, glare, CS, and HOAs were not significantly different from each other.
INTRODUCTION
Cataract extraction with intraocular lens (IOL) implantation is an effective method for restoring visual acuity (VA). The traditional IOL design was monofocal, which targeted distance vision in most patients. One of the main factors for dissatisfaction after monofocal IOL implantation is loss of accommodative ability. The bifocal diffractive IOL was later introduced, 1 and has been widely used in patients who want to achieve spectacle independence after cataract surgery.
The bifocal diffractive IOL provides better near VA than the monofocal IOL and similar distance VA. 2 More subjects achieve spectacle independence with the bifocal diffractive IOL than with the monofocal IOL. 2, 3 The bifocal diffractive IOL creates two focal points for near and far distances, so intermediate VA is less than near or far VA. 4 Intermediate vision is increasingly important for the younger generation who view the computer screen or dashboard. To overcome the weakness in intermediate vision associated with the bifocal diffractive IOL, the trifocal diffractive IOL was recently introduced. 5 The trifocal diffractive IOL theoretically achieves improvements in intermediate vision without impairing near and far vision. 6 However, experimental studies have reported that bifocal diffractive IOL shows better modulation transfer function than trifocal diffractive IOL at far focal points, but shows varying results at near and intermediate focal points. [7] [8] [9] Clinical studies also showed inconsistent results in distance, intermediate, and near VAs. 10- 13 Furthermore, the most of the clinical studies were limited by the small sample size. Thus, we conducted a meta-analysis to compare visual outcomes, between the trifocal and bifocal diffractive IOLs.
METHODS

Literature search
Two independent investigators conducted an extensive literature search on February 08, 2018, in the PubMed, EMBASE, Cochrane Central Register of Controlled Trials (CENTRAL), and ClinicalTrials.gov. We restricted all searches to articles published from 1990 to 2018. The main search keywords were 'trifocal' and 'intraocular lens.' Detailed search strategy is provided in the Supplementary Table 1 .
Eligibility criteria
This meta-analytic study followed the tenets of the Declaration of Helsinki. The inclusion criteria for the selection of studies were as follows: 1) studies conducted in adults (18 years and older) who were underwent trifocal or bifocal diffractive IOL implantation because of cataract or refractive lens exchange; 2) randomized controlled trials (RCTs) or nonrandomized comparative studies (NRCSs) that compared between trifocal and bifocal diffractive IOLs; 3) studies that reported postoperative VA or defocus curves; 4) studies that included more than 10 eyes to each study arms; and 5) postoperative follow up were more than 1 month. The exclusion criteria for the selection of studies were as follows: 1) nonpublished articles (e.g., conference proceedings and abstracts); 2) studies not published in English; 3) studies with overlapping cases; 4) use of a refractive procedure (e.g., LASIK); and 5) in vitro studies. As this meta-analysis based on existing studies in the published literature, Institutional Review Board approval was not necessary.
Data extraction
Two independent investigators conducted data extraction using pre-defined data fields. A third investigator reviewed the results and a consensus was reached. Binocular corrected defocus curves and distance, intermediate, and near VAs were measured as primary outcome parameters. If near or intermediate VA was assessed at more than one distance, we selected the data associated with a distance closest to 66 cm and 40 cm for intermediate VA and near VA, respectively. Spectacle dependence, postoperative refractive error, glare, contrast sensitivity (CS), and higher-order aberrations (HOAs) were measured as secondary outcome parameters. 
Trifocal versus Bifocal Diffractive Intraocular Lens: a Meta-analysis
For meta-analysis of continuous variables, data were converted to mean ± standard deviation. When standard deviation was reported as zero, we replaced zero value with the largest number expected before rounding (e.g., 0.00 to 0.0049). For studies that presented median, maximum, minimum, and interquartile range values, they were converted to mean and standard deviation values using the method outlined by Wan et al. 14 When only graphs were available in a study, we measured the values directly from the figures in ImageJ 1.50i (National Institutes of Health, Bethesda, MD, USA) using the method outlined by Sistrom and Mergo. 15 For studies with more than two intervention groups (multi-arm studies), we combined groups to create a single pair-wise comparison by using the methods set out in the Cochrane Handbook for Systematic Reviews of Interventions to avoid double-counting study participants. 16 We tried to contact the original authors if the detailed information needed.
Quality assessment
The selected study was independently reviewed by 2 investigators. Discrepancies between reviewers were resolved by consensus or adjudication by the third reviewer. The authors independently assessed the sources of the bias in the studies according to the methods set out in the Cochrane Handbook for Systematic Reviews of Interventions for RCTs and the Newcastle-Ottawa Scale for NRCSs. 16,17
Statistical analysis
A random-effects model was used for the data analysis, because the designs of studies were heterogeneous and we wished to generalize results to a large population. The inverse variance method was used for continuous data and the Mantel-Haenszel method was used for dichotomous outcomes. For continuous outcome, we used mean difference (MD) because the studies reported similar outcomes and reported them with same scales (e.g., logarithm of the minimum angle of resolution [logMAR]). For dichotomous outcomes, we calculated a risk ratio (RR). When we combine dichotomous and continuous studies together, we used the method described by Chinn 18 to convert continuous data to odds ratio and pooled using the generic inverse-variance method. 16 Review Manager software version 5.2 (The Nordic Cochrane Centre, The Cochrane Collaboration, Copenhagen, Denmark) was used for metaanalyses. Statistical heterogeneity was tested using the χ 2 and I 2 statistic. A P value less than 0.05 was considered statistically significant. Fig. 1 shows the search process. We found 240 articles, 99 from PubMed, 108 from EMBASE, 19 from CENTRAL, and 14 from ClinicalTrials.gov. One hundred three studies were duplicated. Of 137 articles, 123 articles were excluded after titles and abstracts evaluation. After 14 articles were reviewed in full text, 1 article was excluded because it represented only mean values 19 and two articles 13,20 were excluded because their patients were duplicated with the other two studies. 21, 22 In those two overlapped cases, only the most recent results were used for analysis and some non-duplicated results of excluded studies were used for analysis. Of 11 selected studies, 6 were RCTs 11,12,21-24 and 5 were NRCSs 10,25-28 with a total of 395 subjects and 787 eyes (trifocal: 401 eyes of 201 subjects; bifocal: 386 eyes of 194 subjects). All studies were published between 2014 and 2018. Two NRCSs 25,28 which were similar study design and written by same author were included because we personally received reply from corresponding author that patients of those studies were not overlapped. The follow up times varied from 1 to 14.43 and all exams were conducted after 1 month. Table 1 shows the characteristics of the included studies. Mix-and-match method (blended implantation) was performed for bifocal IOL implantation in 3 studies. Quality of the studies was summarized in Supplementary Fig. 1 
RESULTS
Search results
Primary outcomes
Defocus curves
Postoperative VA
Monocular VA
The meta-analysis results for monocular VA outcomes are summarized in Fig. 3A Heterogeneity: Tau 
Binocular VA
Four studies 11,12,21,24 reported binocular UDVA, UIVA, and UNVA. Meta-analysis showed no significant differences in binocular UDVA (MD, −0.02 logMAR; 95% CI, −0.04-0.01; P = 0.21), UIVA (MD, −0.03 logMAR; 95% CI, −0.07-0.01; P = 0.15), and UNVA (MD, 0.00 logMAR; 95% CI, −0.00-0.00; P = 0.97). Three, 11,12,21 two, 11,21 and two 11,21 studies reported binocular CDVA, DCIVA, and DCNVA, respectively. Meta-analysis showed no significant differences in binocular CDVA (MD, −0.01 logMAR; 95% CI, −0.03-0.01; P = 0.57), DCIVA (MD, 0.01 logMAR; 95% CI, −0.11-0.14; P = 0.83) and DCNVA (MD, 0.01 logMAR; 95% CI, −0.07-0.08; P = 0.84) between the two groups. Two studies 12,24 reported the prevalence of binocular UIVA of 0.1 logMAR or better as a good visual outcome. The proportion of patients who did not achieve binocular UIVA of 0.1 logMAR was lower in the trifocal IOL (7.7%) than in the bifocal IOL (43.5%) (RR, 0.18; 95% CI, 0.04-0.75; P = 0.02) (Fig. 3B) .
Secondary outcomes
Spectacle dependence
Two studies 12,24 reported spectacle dependence. The number of patients who required spectacles was not different between the two groups (trifocal IOL group [10.0%]; bifocal IOL group [29.2%]; RR, 0.38; 95% CI, 0.13-−1.13; P = 0.08). 
Postoperative refractive error
CS
Binocular CS under photopic and mesopic condition reported in four 11,20,22,26 and five 11,20,22,23,26 studies. Meta-analysis showed no significant differences in 3, 6, 12, and 18 cycles per degree between the two groups ( Fig. 4A and B) .
Glare
Two studies 11,24 reported glare symptom. The pooled RR was not significantly different between the two groups (RR, 1.41; 95% CI, 0.51-3.87; P = 0.51) (Fig. 4C) .
HOAs
Two studies 13,24 reported coma, trefoil, and spherical aberration. Meta-analysis showed no significant differences in coma (MD, −0.02; 95% CI, −0.04-0.01; P = 0.16), trefoil (MD, −0.00; 95% CI, −0.04-0.04; P = 0.98), and spherical aberration (MD, 0.04; 95% CI, −0.04-0.12; P = 0.32) between the two groups. In this analysis, the trifocal IOL group had better visual outcomes in binocular corrected defocus levels of −0.5, −1.0, −1.5, and −2.5 D. As the trifocal diffractive IOL has an inherent IOL design to improve intermediate distance vision, it would be expected that the trifocal IOL group showed better results in defocus levels of −0.5, −1.0, and −1.5 D, which correspond to distances of 2.0 m, 1.0 m, and 67 cm of VAs, respectively. 25 Interestingly, the trifocal IOL group showed better or comparable outcomes compared to the bifocal IOL group for defocus levels of −2.5 D and −3.0 D, respectively. Although we do not know the exact mechanism of this phenomenon, we suggested some plausible explanations and added relevant sentences in the Discussion section as follows: 1) There were 3 studies that used the mix-and-match method (blended implantation) for the bifocal IOL implantation. The add power (the focal point) was different in each eye of the bifocal IOL groups. Therefore, it may affect the binocular near vision. When those 3 mix-and-match studies were excluded, the trifocal IOL group showed no statistical difference in defocus levels of −2.5 D and −3.0 D, when compared to the bifocal IOL group. We added this result as one of the explanations in the Discussion section and in Supplementary Fig. 2 . 2) Binocular testing using defocus curve may affect near vision in a better way than trifocal IOL, although bifocal IOL has more strength in monocular near vision. 3) Another possible reason is that longitudinal chromatic aberration (LCA). LCA for near of trifocal IOL in one study 33 may be smaller than that of bifocal IOL in other studies. 34, 35 Nevertheless, given that MD in defocus level of −2.5 D was −0.02 logMAR, indicates less than a line difference in decimal scale of the Snellen chart at near vision, which seems to be clinically irrelevant. This outcome in our study corresponds to a previous study that showed comparable outcome in near VA between trifocal and bifocal IOLs. 36 The trifocal IOL group showed a better outcome in monocular UDVA and UIVA. More patients achieved binocular UIVA < 0.1 logMAR in trifocal IOL group. However, there were no significant differences in monocular UNVA, CDVA, DCIVA and DCNVA, and all binocular VAs. Monocular UDVA was better in the trifocal group than in the bifocal group. However, this difference was small (MD, −0.04 logMAR) and most studies accomplished mean monocular UDVA less than 0.1 logMAR. It might be due to less astigmatism in the trifocal group than in bifocal group, although it was not significant (MD, 0.07 D; 95% CI, 0.00-0.14; P = 0.05). Together with the results of defocus curves and VA, the trifocal diffractive IOL is better than the bifocal diffractive IOL in terms of intermediate VA and is comparable in near and distance VAs.
Regarding spectacle independence, bifocal diffractive IOLs have resulted in less spectacle dependence than monofocal IOLs. 37 The trifocal IOL group showed better results than the bifocal IOL groups but this was not significant. We pooled data from only two studies with a total of 54 subjects. Further study might be needed to confirm this result.
Regarding the quality of vision, glare, a positive dysphotopsia, is one of the factors related with dissatisfaction after multifocal IOL implantation. Glare has been reported more in 39 In this analysis, the trifocal IOL group was not different from the bifocal IOL group in glare phenomenon. Reduction of CS is also the cause of a decrease in quality of vision and has been reported with the diffractive IOL 37 because it divides light into several focuses and forms several images of an object at a certain distance. 40 Bifocal IOLs included in this study have an asymmetrical light distribution of 50% to 70% for distance focus and 18% to 50% for near focus. 23 Trifocal IOLs included in this study have light distribution of 42% to 50% for distance focus, 14% to 20% for intermediate focus, and 29% to 30% for near focus. 23,32 Although the trifocal diffractive IOL has more number of focuses and less light energy, the trifocal IOL group was not different from the bifocal IOL group in CS.
There were several limitations in this analysis. First, our study was based on 11 studies restricted to articles published in English. We did not search unpublished studies or abstracts of relevant conference meetings. Second, the studies included in this study evaluated VA at various intermediate (60, 66, 70, and 80 cm) and near (33 and 40 cm) distances. Heterogeneity was high in monocular and binocular VAs. Third, the conditions of VA varied (e.g., corrected/ uncorrected or monocular/binocular) so that most meta-analyses did not include all 11 studies. Fourth, given that 3 studies of the bifocal IOL group, with blended implantation to strengthen the binocular intermediate vision, were included, it may affect the outcome of near vision.
Previously, two meta-analysis were reported favorable aspect of trifocal diffractive IOL. 36, 41 After then, two RCTs 21, 22 and one NRCS 26 have been reported, and we analyzed various outcomes, including the results of these studies. To the best of our knowledge, this is the largest evidence-based meta-analysis comparing trifocal and bifocal diffractive IOLs. In summary, this meta-analysis found that the trifocal diffractive IOL showed better intermediate VA than the bifocal diffractive IOL. Near and distance VAs of the trifocal diffractive IOL are comparable with those of the bifocal diffractive IOL. The quality of vision like glare, CS, and HOAs were also similar between the two groups.
